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ABSTRACT
Hubble Space Telescope photometry from the ACS/WFC and WFPC2 cameras is used to detect
and measure globular clusters (GCs) in the central region of the rich Perseus cluster of galaxies.
A detectable population of Intragalactic GCs is found extending out to at least 500 kpc from
the cluster center. These objects display luminosity and color (metallicity) distributions that are
entirely normal for GC populations. Extrapolating from the limited spatial coverage of the HST
fields, we estimate very roughly that the entire Perseus cluster should contain ∼ 50000 or more
IGCs, but a targetted wide-field survey will be needed for a more definitive answer. Separate brief
results are presented for the rich GC systems in NGC 1272 and NGC 1275, the two largest Perseus
ellipticals. For NGC 1272 we find a specific frequency SN ≃ 8, while for the central giant NGC 1275,
SN ≃ 12. In both these giant galaxies, the GC colors are well matched by bimodal distributions,
with the majority in the blue (metal-poor) component. This preliminary study suggests that Perseus
is a prime target for a more comprehensive deep imaging survey of Intragalactic GCs.
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1. INTRODUCTION
In rich clusters of galaxies, Intra-Cluster
Light (ICL) is often present, consisting of stars
that are associated with the extended poten-
tial well of the cluster as a whole, rather than
the individual galaxies. The ICL can be pro-
duced through the merger, tidal stripping, and
harassment events that happen whenever close
encounters between the member galaxies take
place, and in rich clusters the ICL component
can be substantial in total even if sparsely
spread (e.g. Purcell et al. 2007; Martel et al.
2012; Contini et al. 2014; Cooper et al. 2015).
Much observational work on Abell-type
clusters and compact groups through
low-surface-brightness photometry con-
firms the frequent presence of an ICL
usually well centered on the BCG (Bright-
est Cluster Galaxy) (e.g. Gonzalez et al.
2005; Da Rocha & Mendes de Oliveira
2005; Presotto et al. 2014; Bender et al.
2015; Iodice et al. 2016, among many); see
Peng et al. (2011) for a more complete listing
of earlier literature. Consistent with its
probable origin by stripped stars from all
types of cluster galaxies, population synthesis
shows that the ICL contains large numbers
of old, relatively metal-rich stars such as
are in giant ellipticals, but also a significant
presence of younger, more metal-poor stars
from smaller galaxies (Coccato et al. 2011;
Melnick et al. 2012; DeMaio et al. 2015;
Edwards et al. 2016; Barbosa et al. 2016).
Assessing the true fraction of the ICL com-
ponent relative to the individual galaxies
is a continuing and difficult issue since it
requires careful separation of the ICL profile
from the giant galaxies in the cluster, but is
almost certainly in the range 10-50% for rich
clusters and even groups (Gonzalez et al.
2005; Da Rocha & Mendes de Oliveira
2005; Seigar et al. 2007; Rudick et al. 2011;
Giallongo et al. 2014; Jime´nez-Teja & Dupke
2016). The growth of the ICL is an ongoing
process with much of it happening since
redshift z ∼ 1 (Burke et al. 2012, 2015;
Adami et al. 2013; Presotto et al. 2014), so
the total luminosity in the ICL and its degree
of substructure (clumps and tidal streams)
are indicative of the dynamical evolutionary
state of the cluster.
For nearby cluster environments (Virgo,
Fornax, Coma) the ICL has been probed
through resolution into individual stars
including red-giant stars (Ferguson et al.
1998; Williams et al. 2007), planetary nebula
(Feldmeier et al. 2003; Arnaboldi et al.
2007; Castro-Rodrigue´z et al. 2009;
Ventimiglia et al. 2011; Longobardi et al.
2013), and even novae and supernovae
(Neill et al. 2005; Gal-Yam et al. 2003;
McGee & Balogh 2010; Sand et al. 2011;
Graham et al. 2015). But another promi-
nent tracer of the ICL that has so far been
underutilized is the globular cluster (GC)
population, which accompanies all types of
old stellar populations in galaxies. GCs are in-
dividually bright and can readily be measured
in and around galaxies that are as distant
as d ∼ 300 Mpc (e.g. Harris et al. 2014)
especially with HST imaging. Intragalactic
globular clusters (IGCs) in large numbers
have clearly been found populating the
Virgo cluster by means of wide-field ground-
based surveys (Lee et al. 2010; Durrell et al.
2014) and four individual Virgo IGCs have
been studied through deep HST imaging
(Williams et al. 2007). More tentative detec-
tions of IGCs have been made for the Fornax
cluster (Bassino et al. 2003; Bergond et al.
2007; Schuberth et al. 2008) and a targetted
wide-field survey may reveal its IGC distri-
bution more clearly (D’Abrusco et al. 2016).
In the richer Coma cluster, Peng et al. (2011)
find a substantial IGC population filling
the cluster core regions. Three other and
more distant galaxy clusters for which IGCs
have been sampled with unusually deep HST
imaging include A1185 (West et al. 2011),
A1689 (Alamo-Mart´ınez et al. 2013), and
A2744 (Lee & Jang 2016), though for various
reasons of either field coverage or depth these
3also remain more uncertain than for Virgo
or Coma (see also Harris et al. 2017, for
additional discussion of A1689 and A2744).
The Perseus cluster (Abell 426) is another
very rich system whose GC population is well
within reach of the HST cameras or even deep
ground-based imaging under good conditions.
At a distance d = 75 Mpc (taking a mean red-
shift cz = 5207 km s−1 (NED) and an adopted
distance scale H0 = 70 km s
−1 Mpc−1), it is
0.5 mag closer than the Coma cluster and con-
tains a comparably rich set of member galaxies
including many large ellipticals. Perseus is em-
bedded in a vast halo of X-ray gas filling the
cluster (Urban et al. 2014) which has a virial
radius r200 = 1.8 Mpc. However, virtually
nothing is known about any stellar component
of the Perseus Intragalactic Medium (IGM).
NGC 1272 (MTV = −22.96) and NGC 1275
(MTV = −22.61) are the two dominant mem-
ber galaxies of Perseus and have similar visual
luminosities. In this respect Perseus is analo-
gous to several other rich clusters where two
major E galaxies of roughly equal luminosity
dominate (for example, NGC 4472 and 4486
in Virgo, or NGC 4874 and 4889 in Coma).
However, NGC 1275 appears to be the closest
to the dynamical center of Perseus, based on
its projected location virtually at the center
of the hot X-ray halo, its radial velocity (5264
km s−1) close to the cluster mean, and the
dramatic presence of large gas inflow revealed
in its extensive gas and dust network of fila-
ments. Although NGC 1272 is also projected
fairly close to cluster center, its radial velocity
(3815 km s−1) is much further from the cluster
mean, and its integrated-light profile is smooth
and featureless at all radii.
In this paper, we take advantage of Archival
HST images near the center of Perseus to
search specifically for IGCs as a tracer for the
ICL. Our finding is that a substantial IGC
population is present, separate from those as-
sociated with any of the major galaxies.
For d = 75 Mpc the distance modulus of
Perseus is (m − M)0 = 34.36. For the fol-
lowing analysis we adopt a foreground absorp-
tion AV = 0.447, AI = 0.245 from NED, which
gives EV−I = 0.202.
2. DATA AND PHOTOMETRIC
MEASUREMENT
The data for this study are drawn from from
two HST imaging programs: 5 ACS/WFC
fields from program GO-10201, and 6 WFPC2
fields from program GO-10789 (PI Conselice).
In both cameras the images were taken in the
F555W and F814W bands, thus putting the
photometry close to standard (V, I). Previ-
ous photometric analysis of these images is
directed primarily at detecting and assessing
the UCDs (Ultra-Compact Dwarfs) in Perseus
(Penny et al. 2011, 2012). The locations of
these ACS and WFPC2 fields are shown in
Figure 1 and the locations are listed in Table
1 (see also Fig. 1 of Penny et al. 2011). The
ACS fields cover parts of the Perseus core with
several large galaxies nearby; ACS-1 is located
just below the central cD NGC 1275, while the
giant elliptical NGC 1272 falls within ACS-3.
The WFPC2 fields scatter towards the west,
and are farther from any of the large Perseus
member galaxies.
At 75 Mpc distance, a typical GC half-light
diameter ≃ 4 pc converts to an image FWHM
of 0.01 arcsec, an order of magnitude smaller
than the resolution limit of the HST cameras
(see also Harris 2009a, for discussion). The
great majority of the GCs in the Perseus galax-
ies will therefore be comfortably starlike in ap-
pearance, which greatly simplifies the process
of GC candidate object selection and photom-
etry. Essentially, we look for unresolved ob-
jects within each ACS or WFPC2 field that
also fall within the (fortunately) relatively nar-
row color range in (V −I) that match real GCs.
As will be seen below, the combination of im-
age morphology and color eliminates almost all
contaminants in the sample (foreground field
stars, or very faint small background galaxies).
Data reduction began with the *.flc image
files from the HST Archive. For each of the
target fields, the individual exposures (4 in
4
H
a
r
r
is
&
M
u
l
h
o
l
l
a
n
d
Table 1. Target Fields
Field RA Dec α(F814W ) m0(F814W ) α(F555W ) m0(F555W )
ACS-1 03 19 47.91 +41 28 00.27 3.75 27.39 3.75 28.10
ACS-3 03 19 23.18 +41 29 59.10 3.50 27.47 3.50 28.10
ACS-4 03 19 04.73 +41 30 10.93 4.00 27.43 4.00 28.17
ACS-5 03 19 34.58 +41 33 37.23 3.75 27.39 4.00 28.02
ACS-6 03 19 09.14 +41 33 50.43 3.75 27.45 3.75 28.10
WFPC2-1 03 18 48.75 +41 24 06.75 3.00 25.41 2.25 26.28
WFPC2-2 03 18 32.26 +41 26 36.13 ” ” ” ”
WFPC2-3 03 18 33.55 +41 22 53.43 ” ” ” ”
WFPC2-4 03 18 08.05 +41 23 10.83 ” ” ” ”
WFPC2-5 03 17 53.35 +41 27 45.68 ” ” ” ”
WFPC2-6 03 17 30.15 +41 25 09.89 ” ” ” ”
each filter) were registered and combined with
stsdas/multidrizzle into a single composite ex-
posure in each filter. Total exposure times for
each ACS/WFC field are 2260 s (F814W ) and
2368 s (F555W ). For each of the 6 WFC2
fields, total integration times in each filter were
1900 s.
The procedure for detection and photom-
etry of the GC candidates then followed
the steps outlined in, e.g., Harris (2009a);
Harris et al. (2016). SourceExtractor (SE)
(Bertin & Arnouts 1996) was used to detect
objects and to do a preliminary rejection of
nonstellar ones (either single-pixel artifacts or
faint background galaxies) from a plot of the
SE parameters r1/2 versus aperture magni-
tude. Samples of these for one ACS field
and one WFPC2 field are shown in Figure
2. Starlike (point-source) objects fall near
r1/2 ≃ 1.3 px and objects with r1/2 < 1
or > 2 in either filter were rejected. Fi-
nal photometry of the candidates was done
through the tools in iraf/daophot, including
point-spread-function (PSF) fitting and allstar
solutions, then corrected to equivalent large-
aperture magnitudes. The PSF in each field
was determined empirically from moderately
bright, uncrowded stars. The object lists in
each filter were matched to within 0.1′′ and
any objects not appearing in both filters were
rejected. Finally, objects with poor goodness-
of-fit to the PSF (χ > 2) or large photometric
uncertainties (σ > 0.3 mag) were also rejected.
The combination of steps (SE parameters, χ
and σ rejection, matching lists in both filters)
proved to be quite effective at culling nonstel-
5Figure 1. Image of the central region of the
Perseus cluster (DSS image in blue IIIaJ), show-
ing the locations of the HST images used in this
study. North is at top, East at left. The field
shown is 36′ across, corresponding to 750 kpc at
the distance of Perseus. Note that field ACS-1 is
below the central cD NGC 1275, while field ACS-3
contains NGC 1272.
lar objects. We note that rejection of non-
stellar objects is not expected to be as rigor-
ous on the WFPC2 fields, which have a larger
pixel size than ACS/WFC (0.1′′ versus 0.05′′)
and shorter exposure times as well. Within
the WFPC2 array we used the WF2, WF3,
and WF4 detectors but not the small PC1, to
avoid issues with different limiting magnitudes
and resolution.
Photometric completeness as a func-
tion of magnitude was evaluated through
daophot/addstar tools, where scaled PSFs are
added to the images and then the process
of detection and photometry is repeated.
Since every one of the target fields is quite
uncrowded in absolute terms, artificial-
object lists were generated randomly in
location across the field. The dependence of
completeness f(m) (the fraction of success-
fully detected and measured objects versus
magnitude) is modelled with the simple
two-parameter function (Harris et al. 2016)
f = (1 + exp(α(m − m0))−1, where m0 is
the magnitude at which 50% of the objects
Figure 2. Left panels: SourceExtractor param-
eters r1/2 versus aperture magnitude, for both
filters in ACS field 6. Right panel: The same
quantities for WFPC2 field 6. Units of r1/2 are
pixels, where 1 px = 0.05′′ for ACS and 0.1′′
for WFPC2. Objects in the ‘starlike’ range 1 <
r1/2 < 2 are selected for further photometry with
daophot/allstar. Vertical dashed lines show the
F814W magnitude limit adopted for analysis of
the GC populations (see text).
are detected and α measures the steepness of
falloff of the completeness curve. In Table 1
we list the (α,m0) pairs for each ACS field
individually; as expected, they are closely
similar from one field to the next. For the
WFPC2 fields we list the average of the 6
fields.
In the following discussion, we present the
color-magnitude data in the natural filter mag-
nitudes (F555W,F814W ). For ACS/WFC
these can be transformed to (V, I) through
(Saha et al. 2011)
(V − I) = 0.912(F555W − F814W ) (1)
I = F814W + 0.024(V − I) (2)
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Figure 3. Color-magnitude diagrams for the measured unresolved (starlike) objects in the Perseus fields.
The five ACS/WFC fields are labelled A1,3,4,5,6, while the six WFPC2 fields are combined into one CMD
at lower right. The vertical dashed lines at (F555W − F814W ) = 0.99, 1.81 (for ACS) and 0.89, 1.64 (for
WFPC2) mark the (generous) range of colors populated by normal globular clusters. The detection limit
(m0 in Table 1) for the WFPC2 fields is clearly much brighter than for the ACS fields because of shorter
exposure times and lower detector sensitivity.
while for WFPC2 the adopted transformation
is (Holtzman et al. 1995)
(V − I) = 1.010(F555W − F814W ) (3)
I = F814W − 0.062(V − I) . (4)
3. ANALYSIS
3.1. Color-Magnitude Distributions
In Figure 3 the distribution of measured
unresolved (starlike) objects in the color-
magnitude diagram (CMD) is shown, for each
of the five ACS fields and for all six WFPC2
fields combined. In the (I, V − I) plane, nor-
mal GCs will fall well within a generous color
range (V − I)0 ≃ 0.70 − 1.45 (Larsen et al.
2001) where color is primarily a function of
cluster metallicity. Thus for our adopted red-
dening EV−I = 0.202, this range of intrinsic
colors translates into (F555W − F814W ) ≃
0.99− 1.81 (ACS) or ≃ 0.89− 1.64 (WFPC2).
In every ACS field a substantial population
appears in this target range, dominating all
objects with I . 26. (Note that the swath of
points along the bottom running diagonally up
from lower left is at or below the completeness
limit of the photometry and thus mostly repre-
7sent extremely uncertain detections or noise).
Adding to the evidence for their identification
as GCs is that the bright end effectively stops
near I ≃ 22, which translates to MI = −12.5
or roughly MV = −11.5 for a mean intrinsic
color (V − I)0 = 1.0. The luminosity distri-
bution of normal GCs (GCLF) is highly con-
sistent between galaxies, and reaches a “top
end” at MI ≃ −12.5 even for the most lumi-
nous galaxies with the biggest GC populations
(Harris et al. 2014).
Looking further into the CMDs, in most
galaxies the GC population falls into a bi-
modal distribution where “blue” (metal-poor)
ones peak near (V − I)0 ≃ 0.95 and “red”
(metal-richer) ones near (V − I)0 ≃ 1.15 (e.g.
Larsen et al. 2001). For the Perseus fields
these translate to mean colors (F555W −
F814W ) = 1.25 and 1.50 (ACS filters). Both
the blue and red sequences can be seen at these
colors in the five ACS fields. The actual color
distribution functions will be discussed in more
detail below.
In the combined WFPC2 fields (lower right
panel of Fig. 3), the scatter of the photome-
try is larger and the limiting magnitudes shal-
lower. Nevertheless, a thinly populated se-
quence of objects with F814W < 24 and near
(F555W − F814W ) ≃ 1.2 is clearly present.
This mean color is equivalent to (V − I)0 =
1.0, exactly the mean intrinsic color of nor-
mal GCs. The presence of this sequence is the
first evidence that these outlying fields have a
sparsely spread GC population.
3.2. Luminosity Distributions
A further test of ‘normal’ old GC popula-
tions is that they should follow a Gaussian-
like distribution in number per unit magnitude
(e.g. Jorda´n et al. 2007; Villegas et al. 2010;
Harris et al. 2014). For the Perseus data, we
anticipate that fields ACS-1,3,5 should be pre-
dominantly populated by GCs from the giant
ellipticals in the Perseus core, while ACS-4,6
and the WFPC2 fields should have a much
higher fraction of IGCs if they are present (see
next section for the spatial distributions). In
Figure 4. Number of objects per 0.2-mag bin
in F814W , plotted versus magnitude. Left panel:
The magenta histogram gives the numbers for the
fields ACS-4 and ACS-6 combined, which should
be dominated by IGCs. For F814W < 25.5 the
photometric completeness is near 100%. The black
shaded histogram gives the numbers for the 6
outlying WFPC2 fields combined, over the range
F814W < 24.2 where photometric completeness
is high. The Gaussian curve shown as the dashed
line has a turnover (peak) at F814W = 26.2 and
standard deviation 1.33 mag. Right panel; The
magenta histogram gives the numbers per 0.2-mag
bin in the fields ACS-1,3,5 combined; these are
dominated by the giant ellipticals in the Perseus
core. The Gaussian dashed line has a standard de-
viation 1.30 mag and the same turnover as in the
left panel.
Figure 4, we show the luminosity functions for
these three groups of fields separately.
A typical GCLF based on the data for in-
dividual galaxies of all luminosities (see the
references cited above) should have a Gaus-
sian turnover (peak) luminosity MV ≃ −7.3,
MI ≃ −8.3 (assuming a mean (V − I) ≃ 1.0),
and a standard deviation σ ≃ 1.3 mag. Both
the turnover and width of the fiducial GCLF
are empirically uncertain by ∼ 0.1 mag (e.g.
Jorda´n et al. 2007). For Perseus, the GCLF
8
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turnover would then be expected to lie at
I ≃ 26.2, which is fainter than the useful pho-
tometric limits in the ACS fields and consider-
ably fainter than the WFPC2 field limit.
Since the data fall short of the turnover
magnitude m0, both m0 and σ cannot be
solved simultaneously very accurately (e.g.
Hanes & Whittaker 1987), so instead we sim-
ply assume m0(F814W ) = 26.2 and solve for
σ as a consistency test of the Gaussian form.
To do this, we used the objects in a restricted
magnitude range F814W < 25.5 (for the ACS
fields) within which the photometric complete-
ness is nearly 100% and the CMD is minimally
affected by either field contamination or spread
of photometric errors. The histograms of num-
ber per 0.2-mag bin in that range are shown in
Fig. 4. Least-squares fits of a Gaussian curve
yield σ = 1.30±0.03 mag for ACS-1+3+5 (the
fields dominated by Perseus core galaxies), and
σ = 1.33 ± 0.04 mag for ACS-4+6. In both
cases the model curve fits the data closely. In
the left panel of Fig. 4 the LF for the combined
WFPC2 fields is also shown, indicating that
these outer regions are also consistent with the
assumption of a normal GCLF.
3.3. Background
Assessing whether or not we are looking at
an IGC population, particularly for the sparse
outer WFPC2 fields, also requires having some
idea of the level of field contamination. The
best way to do this would be through control
fields from WFC3, ACS/WFC, or WFPC2 lo-
cated close to but outside Perseus and with the
same filters and similar exposure times. Unfor-
tunately a search of the HST Archive did not
yield any useful cases.
One alternative is to estimate the expected
number of foreground stars with a Milky Way
stellar population model. In Figure 5, we
show a sample CMD produced by TRILEGAL
(Girardi et al. 2005) in the direction of NGC
1275 and comprising an area equal to all 5 ACS
fields combined. Since the projected area on
the sky is small, different random realizations
of TRILEGAL show large stochastic differ-
Figure 5. Solid dots: Color-magnitude diagrams
for a simulated Milky Way population of stars in
the direction of NGC 1275, generated by TRI-
LEGAL. This example is for an area on the sky
equal to 5 ACS/WFC fields combined. The dashed
lines enclose the expected range of magnitude and
colors for GCs in the Perseus galaxies. Circled
crosses: Starlike objects in the HUDF (see text).
ences, but the example shown here is typical.
Only ∼ 10 stars appear within the broad mag-
nitude and color range for the Perseus GCs,
and most of these are too bright and red to
fall within the normal GC sequences described
above.
Contamination may also arise from faint,
very compact background galaxies that slip
through the initial rejection criteria (SE pa-
rameters, χ, magnitude uncertainty, and color
range). To estimate the numbers of such ob-
jects that we would expect per ACS field, data
from the Hubble Ultra-Deep Field (HUDF)
were used as provided from the catalogs at
heasarc.gsfc.nasa.gov/W3Browse/hst/hubbleudf.html.
Fig. 5 shows the HUDF objects that can be
classified as starlike (r1/2 < 2 px from Source-
Extractor) and fall in the color range of inter-
est. (Note that these objects were made fainter
and redder by AV = 0.447, EV−I = 0.202 to
match the Perseus field.) The vast majority
of ‘starlike’ objects in the HUDF are much
fainter than our target range, and most of the
9rest are too blue or red to match GC colors.
The remainder consist of only a handful of
contaminants with I & 24.5 and within the
color range marked in Fig. 5. Much the
same result was found in a very similar study
of the GC population around NGC 6166
(Harris et al. 2016) (see especially Figs. 8 and
9 there).
For each of the ACS fields, the field contam-
ination should then make up less than 1% of
the observed numbers of objects in our CMDs
(Fig. 3), so we do not remove any background
from the LFs or the radial distributions de-
scribed below. For the WFPC2 fields, as seen
for the discussions of the luminosity function
and color distribution function, we use only the
objects with I < 24.0, which further excludes
the contaminating objects in Fig. 5 almost to-
tally.
In summary, the current material points to
the presence of a significant population of bona
fide GCs around the Perseus galaxies. These
objects follow the distributions expected for
normal GCs in terms of their magnitude, color,
and unresolved size. We can now continue
to a discussion of their spatial distribution
within Perseus and relative to the two dom-
inant galaxies, NGC 1272 and 1275.
3.4. Spatial Distributions
As seen in Fig. 3, the largest GC popu-
lations are in fields ACS-1 (which is near-
est NGC 1275) and ACS-3 (which includes
NGC 1272). The star-cluster population in
NGC 1275 itself has been discussed briefly by
Carlson et al. (1998), Canning et al. (2010),
and Penny et al. (2012), derived from WFPC2
and ACS images centered on the galaxy
(though in different filters) that we do not use
here. In total, the NGC 1275 star clusters con-
sist of a mixture of old GCs spread through-
out the galaxy’s halo, plus a rich population of
younger clusters located along its spectacular
network of Hα filaments.
Since NGC 1275 is the central giant, we
first plot the GC number density versus ra-
dial distance from it. The results are shown
in Figure 6. Here, the number of GCs per
unit projected area on the sky σcl is calcu-
lated within radial annuli centered on NGC
1275. For the ACS fields, the GCs used in
the sums include objects with F814W < 25.5,
1.0 < (F555W − F814W ) < 1.8. At the
adopted limit F814W (lim) = 25.5, the inter-
nal photometric errors in the ACS data are
eI = ±0.10, eV−I = ±0.13.
Placing the raw WFPC2 counts on the same
graph as the ACS fields requires scaling them
to the same magnitude limit. To do this,
we truncate the adopted limiting magnitude
now more severely to F814W < 23.5, 0.9 <
(F555W−F814W ) < 1.65 to avoid the fainter
cloud of points which may be dominated by
small faint background galaxies and even arte-
facts that escaped the photometric culling. At
F814W = 23.5 the internal photometric er-
rors are eI = ±0.06, eV−I = ±0.11. A use-
ful test of contamination is the field-to-field
scatter in the numbers of detected objects.
For F814W (lim) = 24.2, we find that the
scatter amongst the 6 WFPC2 fields is much
larger than the
√
N level expected from simple
count statistics, which would be the expected
result from the known physical clustering of
faint background galaxies over several arcmin-
utes scale. By comparison, for F814W (lim) .
23.5, the field-to-field scatter is near
√
N , indi-
cating that most of the contaminating galax-
ies are gone.1 From the ACS counts, there
are 1210 objects with F814W ≤ 25.5 and
within the desired color range, but only 131
with F814W ≤ 23.5. The WFPC2 counts are
therefore scaled up by the ratio (9.24 ± 0.85)
to give the equivalent number brighter than
F814W = 25.5. These renormalized σ−values
for the individual WFPC2 fields are plotted in
1 The actual numbers of objects brighter than
F814W = 23.5 and within the stated color range in
the WFPC2 fields W1−W6 are 10, 8, 7, 5, 5, 17. We
note that reducing the adopted cutoff magnitude even
further to (say) F814W (lim) = 23.0 leaves extremely
small-number statistics and large normalization factors
from which it is difficult to draw any conclusions.
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Fig. 6 along with the value from all 6 fields
combined.
In Fig. 6 the different regions are color-coded
for easier distinction:
ACS-1 shows the outer NGC 1275 halo, and
the strong radial falloff of σcl relative to its
center is evident. The power-law slope shown
in the Figure is well defined by the data and
has slope α = (∆logσcl/∆logR) = −1.67 ±
0.01. This deduced slope agrees well with α =
−1.6 found by Penny et al. (2012) based on
both ACS-1 and ACS/WFC images centered
on the galaxy.
ACS-3 encloses the giant NGC 1272 and its
GC population is clearly dominated by it (see
Canning et al. 2010; Penny et al. 2012), so it
is not plotted in Fig. 6 relative to the center
of NGC 1275. It will be discussed in Section 4
below.
ACS-4 may be a combination of NGC 1272
halo and IGC; for it, we find a radial falloff
α = −2.20± 0.50.
ACS-5, from its location and σcl behavior,
suggests that we are looking at a combination
of populations from the outer halos of both
NGC 1275 and NGC 1272, plus some less cer-
tain contributions from the smaller ellipticals
in the field and the IGCs. The formal solution
for the radial falloff gives α = −0.87± 0.19.
ACS-6 is farthest from both the major
galaxies, so the IGC component should be rel-
atively more dominant. A shallow and uncer-
tain radial falloff is seen with α = −0.9± 0.4.
WFPC2: the WFPC2 fields contain no ma-
jor Perseus galaxies and are located radially
from R = 270 to 530 kpc from the Perseus cen-
ter, and should therefore give us a fairly clean
IGC sample (though unfortunately to shal-
lower magnitude limits, as discussed above).
Interestingly, the 6 points in Fig. 6 show an
internally uncertain but distinctive downward
radial gradient, with the exception of the out-
ermost W6. The number density for all 6
of these fields combined is 〈σcl〉 = (0.0042 ±
0.0007) arcsec−2, shown by the large open
symbol and errorbar. The solid line drawn
through the points has a slope α ≃ −1.2 and
seems at least roughly to continue the out-
ward trend from ACS-6. Though the field
coverage is admittedly only a small fraction
of the Perseus core and outskirts, these data
hint that we may be observing the radial dis-
tribution of the IGC component, far from any
major member galaxies.
3.5. Metallicity and Color Distributions
The distribution of GC colors (CDF) is
driven to first order by the underlying
metallicity distribution function (MDF). As
noted above, in most galaxies the CDF
and MDF are bimodal, with a canonical
metal-poor (MP) “blue” sequence centered
near 〈[Fe/H]〉 ≃ −1.5 and a metal-rich
(MR) “red” sequence near 〈[Fe/H]〉 ≃ −0.5
(e.g. Zepf & Ashman 1993; Forbes et al. 1997,
2011; Brodie & Strader 2006; Arnold et al.
2011; Blom et al. 2012; Cantiello et al. 2014;
Brodie et al. 2014; Kartha et al. 2016, among
many others). A numerically convenient way
to characterize the two modes is by their Gaus-
sian mean colors (µ1, µ2) (blue, red) and dis-
persions (σ1, σ2), as well as the fraction of total
number of GCs in each mode, (f1, f2) where
f1 + f2 ≡ 1.
For each field in this study, a bimodal-
Gaussian fit to the CDF was done with the
GMM code (Muratov & Gnedin 2010). The
color histograms are displayed in Figure 7,
and in Table 2 the details for the GMM fits
are summarized. The last column gives the
statistic D = (µ2 − µ1)/
√
(σ21 + σ
2
2/2, which
is an estimate of the degree of separation of
the two modes (bimodality favored if D & 2).
The data included for these fits are the same
datasets restricted by magnitude and color as
defined in Section 3.4 above.
The five ACS fields give highly consistent
results for the mean colors µ1, µ2 and disper-
sions σ1, σ2 of the blue and red modes. The
D statistic is near D ∼ 2 and the raw his-
tograms are asymmetric for all the fields, sug-
gesting that intrinsic bimodality is preferred
over unimodality. In addition, the p−statistic
1
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Figure 6. Number of objects per arcsec2, plotted versus radial distance from NGC 1275 (the Perseus
center). To be used in this diagram, a measured object needed to be (a) starlike, (b) in the color range
shown in Fig. 3, and (c) brighter than F814W = 25.5 (see text). The data are color-coded by field location.
For each ACS field the best-fitting power law curve σcl ∼ R
α is drawn in. For the WFPC2 fields (in red
symbols), the mean point (large open symbol) is the total number in all 6 fields divided by their total area.
giving the probability for unimodality (the null
hypothesis) is p ≪ 0.01 for all 5 ACS fields,
strongly favoring bimodality. The red (metal-
richer) fraction f2 = fred decreases gradu-
ally outward from the Perseus center, as ex-
pected by comparison with Virgo and Coma
(Durrell et al. 2014; Peng et al. 2011). That
is, metal-richer (redder) GCs are more cen-
trally concentrated within galaxies and are in
any case not as numerous as the blue (metal-
poor) ones in the smaller galaxies that should
have been the main progenitors for the ICL.
Converting the (F555W − F814W ) values
in Table 2 to intrinsic color (V − I)0 for the
5 ACS fields gives mean dereddened values
(V − I)0 = 0.92 (blue mode) and 1.11 (red
mode). These are both within the ranges of
(µ1, µ2) for normal early-type galaxies; for ex-
ample, Larsen et al. (2001) find mean colors
(V − I)0 = 0.90− 0.99 for the blue mode and
1.10−1.21 for the red mode, systematically in-
creasing with host galaxy luminosity. Again,
if the ICL is dominated by material stripped
from L⋆−type galaxies (see above), then we
would expect the mean colors µ1, µ2 both to
be a bit bluer than for the giant galaxies.
The results for the WFPC2 field are consid-
erably more uncertain because of the shallower
magnitude limit and smaller sample size. The
blue component lies at µ1 = 1.23, correspond-
ing to (V − I)0 = 1.04, which is between the
standard blue and red modes described above.
The nominal red component µ2 is small (only
9% of the total) and we cannot rule out that
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Table 2. Bimodal Gaussian Fits to the CDF
Field µ1 µ2 σ1 σ2 f(red) D
ACS-1 1.221(0.008) 1.419(0.019) 0.081(0.004) 0.130(0.008) 0.472(0.057) 1.82(0.21)
ACS-3 1.262(0.016) 1.503(0.029) 0.095(0.007) 0.129(0.011) 0.456(0.086) 2.12(0.20)
ACS-4 1.237(0.014) 1.481(0.033) 0.089(0.007) 0.136(0.013) 0.443(0.087) 2.13(0.29)
ACS-5 1.204(0.010) 1.409(0.023) 0.087(0.005) 0.149(0.006) 0.381(0.058) 1.69(0.15)
ACS-6 1.215(0.016) 1.397(0.046) 0.089(0.010) 0.145(0.015) 0.357(0.110) 1.51(0.40)
WPC2 1.233(0.022) 1.649(0.075) 0.174(0.014) 0.094(0.025) 0.091(0.069) 2.97(0.53)
it is due simply to some residual field contami-
nation (see above) combined with greater pho-
tometric error than in the ACS fields.
For the combined WFPC2 fields, the GMM
solution gives p = 0.055, which does not
strongly favor intrinsic bimodality. In addi-
tion, the blue-mode dispersion σ1 = 0.17 is
twice as large as the blue-mode dispersions in
the deeper ACS fields. The main population f1
may therefore simply be a combination of the
normal blue and red modes blurred together
by the higher photometric uncertainty. If we
restrict the sample further to F814W < 23.5
as in Section 3.4 above, a GMM fit yields sim-
ilar results: the nominal blue and red modes
are not separated and the color distribution is
not clearly different from unimodal. Deeper
and more precise photometry will be required
to reach a clearer answer.
4. NGC 1272 AND 1275
The placement of the ACS fields allows a
good opportunity to determine the spatial dis-
tribution of the NGC 1272 GC system in par-
ticular. ACS-3 contains the galaxy, while
ACS-4 and ACS-6 are immediately adjacent
and (helpfully) sit on the opposite side from
NGC 1275. (ACS-5 is equidistant from both
NGC 1272 and 1275 and its GC population
might be expected to comprise a roughly equal
mixture of the two; see again Fig. 6.) In Fig-
ure 8 (upper panel), the number density σcl
(objects per arcsec−2) is plotted for ACS-3,4,6
relative to the center of NGC 1272. Here σcl
decreases smoothly outward, converging to a
near-constant level at the largest radii sam-
pled. From the outermost 6 bins (containing
124 objects) in ACS-6 we adopt a background
σb = 0.0075 ± 0.00067 arcsec−2, indicated by
the dashed line in Fig. 8. As noted above,
this σb is only slightly larger than the level of
the inner the WFPC2 fields (Fig. 6), suggest-
ing again that ACS-6 is sampling primarily the
IGC population. Subtracting this σb from the
radial profile gives the result shown in Figure
9. A Se´rsic-type function (Se´rsic 1968) given
by
σcl = σeexp(−bn[( R
Re
)1/n − 1]) (5)
matches the result accurately, with best-fit pa-
rameters n = 1.3, Re = 153
′′, σe = 0.0122
arcsec−2, bn = 2.46.
Integration of the model profile out to R ≃
500′′ yields a total of N = 3570 ± 150 GCs
1
3
Figure 7. GMM fits to the color distribution
functions in the five ACS fields and (at lower
right) the combined data from the WFPC2 fields.
The histograms in yellow shows the number of ob-
jects in bins of width 0.04 mag in color. In each
panel, the solid lines show the best-fit blue and
red modes, and the sum of the two modes as the
upper envelope.
brighter than our adopted limit F814W =
25.5. This limit is 0.7 mag brighter than the
expected GCLF turnover point F814W (to) =
26.2 (Fig. 4). Extrapolating in turn to find
the total number of GCs over all magni-
tudes then yields NGC = 12000 ± 1400,
where the stated uncertainty includes the
Poisson count statistics, a ±0.1−mag uncer-
tainty in the GCLF turnover luminosity, and
a ±0.1−mag uncertainty in the GCLF dis-
persion. Finally, the GCS specific frequency
(Harris & van den Bergh 1981) is SN = NGC ·
100.4(M
T
V
+15) = 7.9 ± 0.9, a moderately high
value within the typical range for supergiant
ellipticals (cf. Harris et al. 2013). A remain-
ing question is whether or not the GCS from
NGC 1275 itself is contributing to the NGC
1272 totals particularly in ACS-3. From the
NGC 1275 profile (see comments below and
the lower panel of Fig. 8), it appears that the
contribution from NGC 1275 at the 300′′ = 110
kpc projected distance of NGC 1272 will be at
the level of only a few percent. If and when
more complete imaging coverage of the core
Perseus region is available, it will be possible
to solve for the spatial distributions of both
galaxies simultaneously and more accurately
(see e.g. Wehner et al. 2008, for an example in
the Hydra cluster).
For the central giant NGC1275, the available
material is much more limited and the conclu-
sions about total GC population correspond-
ingly rougher. We use field ACS-1 along with
ACS-6 to set the local background, though
here we are forced to assume that σb is roughly
constant over the region concerned. The mea-
surements are shown in the lower panel of
Fig. 8, replotted from Fig. 6. The combination
of this radial profile and the inner data from
Penny et al. (2012) indicates that σcl ∼ R−1.6
from R ≃ 60′′ outward, and is relatively flat
inside 60′′. The main concerns in estimating
its total population are the true local back-
ground level, and how far outward the NGC
1275 halo extends before fading into the ICM;
the present data do not answer either of these
satisfactorily. Here we simply use an outer ra-
dius Rmax = 270
′′ (100 kpc) for integration of
the profile and σb ≃ 0.0075± 0.00067 arcsec−2
as above. The result is then N = 3990 ± 380
GCs for F814W < 25.5, not including any (un-
known) systematic error in the adopted back-
ground. Extrapolating over all magnitudes as
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described above gives NGC = 13500 ± 2000
and a specific frequency SN = 12.2 ± 1.8, in-
cluding ±0.1−mag uncertainties in the GCLF
turnover and dispersion as above. This to-
tal GC population and SN would make NGC
1275 quite similar to M87 in Virgo (e.g. Harris
2009b).
We emphasize once again that a better as-
sessment will require a wider-field survey in
which the GC populations in the member
galaxies, and the IGCs, can both be deter-
mined more completely. Nevertheless, this
very limited imaging material is enough to sug-
gest that both of the dominant Perseus galax-
ies appear to have very populous GC systems.
The closest analogy may be the more well
known Coma cluster, where both NGC 4874
and 4889 have similarly large GC populations
but where the central cD (NGC 4874) has the
higher specific frequency.
5. DISCUSSION: THE IGC POPULATION
The data discussed in this paper consist of
only 11 pencil-beam probes of the GC pop-
ulation, and thus fall far short of a genuine
wide-field survey of the Perseus cluster. Only
a more comprehensive survey to similar depth
will be able to address the true spatial distri-
bution of the IGCs and their total number.
Nevertheless, we can make a very rough at-
tempt to gauge the total GC population. We
assume, following Figs. 6 and 8, that σ(IGC)
is approximately constant at σ0 ≃ 0.0078
arcsec−2 in the inner part of the cluster and
then falls off as ∼ R−1.2 further out. The
inflection point where the power law reaches
σ0 is at R = 500
′′ = 180 kpc from cluster
center. Integrating σ(IGC) out to the most
remote field, WFPC2-6 at R = 0.38o = 500
kpc, then gives N ≃ 24, 000 GCs brighter than
F814W = 25.5. Extrapolating over the entire
GCLF yields NIGC ∼ 82000 IGCs over this ra-
dial range. To emphasize its limitations once
again, it is obvious that this argument works
forward from an extremely limited sampling
of the Perseus region, so it cannot account for
Figure 8. Upper panel: Radial distribution of un-
resolved (starlike) objects centered on NGC 1272,
within the magnitude range 21 < F814W < 25.5
and color range 1.0 < (F555W − F814W ) < 1.8
(see text). Data from fields ACS-3 (black sym-
bols), ACS-4 (magenta), and ACS-6 (blue) are
shown here. The projected density per unit area
σcl is plotted versus projected radius R from the
center of NGC 1272. The dashed line at σ =
0.0075 is the adopted background level. Lower
panel: Radial distribution for unresolved objects
in fields ACS-1 (black) and ACS-6 (blue), where
R is now the radius from the center of NGC 1275.
any details and asymmetries of the IGM spa-
tial structure.
In Coma Peng et al. (2011) trace the IGC
component out to R ∼ 500 kpc and find that it
must fall rapidly outside of that. Durrell et al.
(2014) measure the Virgo IGCs out to R ≃ 700
kpc from the center of M87, again finding that
their number density falls rapidly after that.
The Perseus results, though quite tentative,
fall into the same general pattern.
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Figure 9. Radial distribution of the GC system
around NGC 1272, after background subtraction.
The datapoints include the numbers from ACS-3
and 4. The best-fit Se´rsic function as described in
the text is shown as the solid line.
A better way to estimate the total GC pop-
ulation in Perseus at this stage may be to
use the mass ratio ηM ≡ (MGCS/Mh) where
MGCS is the total mass in all the GCs and
Mh is the total mass in the entire cluster,
dark plus baryonic (roughly, its virial mass
M200). Empirically, ηM has been found to be
nearly constant over a wide range of environ-
ments including dwarf or giant galaxies, spirals
or ellipticals, and entire galaxy clusters; see,
e.g., Blakeslee et al. (1997); Spitler & Forbes
(2009); Durrell et al. (2014); Hudson et al.
(2014); Harris et al. (2015, 2017). The most
recent calibration gives 〈ηM 〉 = (4.3 ±
0.6) × 10−5 for entire clusters of galaxies
(Harris et al. 2017). For the Perseus clus-
ter, M200 = (6.65 ± 0.45) × 1014M⊙ from
Simionescu et al. (2011) determined from its
X-ray gas pressure profile. If we then take
a mean GC mass MGC = 2.8 × 105M⊙ ap-
propriate for L⋆ galaxies (Harris et al. 2017),
the resulting estimate of the total popula-
tion is NGC = 102, 000 clusters. If analo-
gies with Virgo or Coma are useful, roughly
half of these should belong to the member
galaxies, with the remainder in the IGM; thus,
NIGC ∼ 50, 000, which agrees to within a fac-
tor of two with our estimate working directly
from the observations. GC populations this
large are not unprecedented: Coma, which has
a total mass very similar to Perseus, contains
at leastNGC = 70, 000 GCs (Peng et al. 2011),
and estimates well above NGC = 100, 000
have been proposed for the more distant clus-
ters A1689 and A2744 (Alamo-Mart´ınez et al.
2013; Lee & Jang 2016).
This range of estimates for NGC , though ad-
mittedly crude, indicates that the Perseus IGC
component may be quite comparable with the
Virgo and Coma clusters, and reinforces the
growing evidence that rich clusters of galaxies
contain large amounts of intragalactic stellar
light. Though far more dilute, the ICL may
add up to as much stellar mass as is in the
galaxies, and is the visible tracer of a long his-
tory of galaxy interaction and tidal stripping.
6. SUMMARY
We have used photometry from HST ACS
and WFPC2 imaging within the rich Perseus
cluster (Abell 426) to isolate its globular clus-
ter population and to attempt detection of an
Intragalactic population. Our principal find-
ings are these:
1. In the target fields, GC populations are
clearly present following a normal Gaus-
sian distribution versus magnitude and a
bimodal distribution in (V −I) color that
matches the expected properties seen in
individual galaxies.
2. In the core region of Perseus, large num-
bers of GCs are present, but these are
dominated by the halos of the two largest
galaxies in the region, NGC 1275 and
NGC 1272. We estimate that NGC 1272
contains ≃ 12000 GCs with SN = 7.9 ±
1
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0.9, while for the central giant NGC 1275
we estimate more crudely NGC ∼ 13500
and SN ∼ 12, very similar to M87.
3. The radial distribution of GCs counts
indicates that an IGC component is
present extending several hundred kpc
away from the Perseus center. Two dif-
ferent methods lead to the (very ten-
tative) conclusion that there may be
∼ 50000 − 80000 IGCs in Perseus as a
whole, which would make it comparable
with the Virgo and Coma clusters.
4. A more comprehensive, wider-field sur-
vey of the Perseus cluster promises to
be rewarded with a much more complete
understanding of the Intragalactic clus-
ter population and the entire ICL com-
ponent.
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comments. WEH acknowledges financial sup-
port from NSERC (Natural Sciences and En-
gineering Research Council of Canada).
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